groups G1 and G2 are located in the central part of the core, while groups G3 and G4 are in the peripheral zone of the core. Chemical-shim control is employed in landbased pressurized water reactors (PWRs). In contrast, the reactivity in the reactor of the first Japanese nuclear ship "MUTSU" (N.S. MUTSU) is controlled only by control rods. This is primarily for the safety consideration common to all marine reactors, preventing an increase in reactivity resulting from the soluble poison being flushed from the primary circuit in the event the vessel sinks. Generally, the core of a marine reactor is small in size, and the reactor is controlled with a small number of control rods. This situation results in the reactivity worth per rod being comparatively large, which causes strong interference effects among control rods.
Since 1990, much data concerning controlrod worths have been measured for various control-rod patterns in the MUTSU reactor.
From these experimental results and the corresponding computer analyses, it has been found * Tokai -mura , Ibaraki-ken 319-11. ** Shibakouen , Minato-ku, Tokyo 105.
:* Kamiohsaki, Tokyo 141. that the mechanism of the control-rod interference effect is not uniform, and both positive and negative shadowing effects(1) can arise in this reactor. Three-dimensional (3-D) computations have clarified these complicated features, and the calculations agree with the measured data.
In the early core design study of the MUTSU reactor, a 3-D computation system had not yet been fully developed, and predicting the complicated control-rod characteristics with precision was difficult.
It was therefore inevitable to use an over-or an under-estimated value of rod worth for the analysis of the dynamics of the reactor plant and for the analysis of reactivity insertion accidents. The current computational results, which correlate well with the measured data from the MUTSU reactor, have demonstrated that the adopted 3-D analytical method is capable of predicting precisely the rod worths for various control-rod patterns, and that best-estimate analyses can be obtained effectively with correctly simulated rod worths for reactor transient problems.
The knowledge about control-rod interference effects obtained through this study will be applicable to the detailed and pragmatic design of advanced marine reactors in the future.
This report describes major results obtained through reactor physics experiments with the MUTSU reactor and the 3-D analyses for their simulation.
Discussions are also included regarding details of the controlrod interference effects.
II. DESCRIPTION OF MUTSU REACTOR
The MUTSU reactor is a small two-loop PWR rated at 36 MW (thermal). The principal design parameters of the reactor are summarized in Table 1 ; a cross section of the reactor is shown in Fig. I . The core is divided into two zones : the twelve assemblies in the central region (the shaded zone in Fig. 1 The reactivity is controlled by a total of 12 cruciform control rods. Eight rods (groups G3 and G4) located in the peripheral zone are fully withdrawn under hot critical conditions. The reactivity during hot operation is controlled solely by the four control rods located in the central zone of the core. These four control rods are divided into two control-rod groups : GI (CR-1 and CR-2) and G2 (CR-3 and CR-4). The two rods belonging to one group (G1 or G2) are kept at nearly the same elevation during power operation, while the rods in the other group are controlled automatically to keep the core-average moderator temperature constant (the reference temperature Equation (1a) can be transposed to the form : (2) The first term on the right-hand side, (l/n)(dn/dt), contributes little to the calculated value of r. Shimazu & Nakano(3) reported the relative reactivity error due to the neglect of this term was less than 1 % for a wide reactivity range, from -0.1Dk/k to +2.5 x 10-3Dk/k.
If a positive period of T=50 s with 1=1.73 x 10-5s is assumed (see Table 2 ), the value of (l/n)(dn/dt) is estimated to be (l/ T)=3.46 x 10-7. This value is much smaller than the corresponding reactivity value, r =1.09 x 10-3Dk/k, which is calculated using the inhour formula (1) with the kinetic parameters shown in Table 2 . Considering that reactivity usually was limited to the range of +5.0 x 10-4Dk/k during the MUTSU reactor physics experiments, the term (l/n)(dn/dt) in Eq. (2) 
where the quantities r, n and Ci represent the mean values over a time interval Dt of reactivity, neutron flux signal, and number density of the i-th delayed neutron group precursor, respectively.
The quantity C, in Eq. (2) is given by the following recurrence formula :
The kinetic parameters (design values for the Table 2 were used for operating the reactivity meter.
Measurement System
The block diagram of the measurement system for the experiments is shown in Fig. 2 . The detector signal from the compensated ionization chamber NI-6 shown in Fig. 1 was used Figure 3 shows signals recorded during the actual experiment to obtain the differential worths of the G1 and G2 control-rod groups.
The experiment was performed on April 6, 1990. The three signals are the neutron flux, the reactivity, and the moderator temperature.
The notation 'G2 : 315 mm' in Fig. 3 indicates that the G2 rod group was inserted to a position of 315 mm from 326 mm to measure negative reactivity after the flux level reached about 80% of the full scale value (10-7A of NI-6 current) in the positive reactivity measurement. The notation ' G1 : 432 mm' indicates that the G1 rod group was withdrawn to a position of 432 mm from 419.5 mm to measure positive reactivity after the flux level became sufficiently lower than 20% of the full scale value in the negative reactivity measurement. The differential worth of each rod group was obtained by repeating alternately the insertion of G2 and the withdrawal of G1 as described above.
Outline of Calculation Codes
As a practical matter, the flux shape in the core of a land-based PWR can be assumed to be spatially separated into axial and horizontal components : reactors. In contrast, a marine reactor generally shows strong 3-D characteristics caused by partial insertion of control rods even under full power conditions. Three-dimensional considerations are therefore necessary for precise analyses of neutronic performances of the reactor core of a maritime vessel.
The code STEADY-SHIP(4) has been devloped to calculate the reactivity and 3-D distributions of neutron flux, power, and coolant temperature in the core of N. S. MUTSU. The code consists of two parts : a threegroup 3-D neutron diffusion module and a thermal-hydraulic model. The calculation conditions for STEADY-SHIP include :
(1) Three energy groups (upper energies of the second and third groups are 5.53 keV and 0.625 eV, respectively) (2) Three-dimensional, x, y, z geometry (3) 34 x 34 calculation mesh points in the x, y-plane to model a 90-degree symmetrical quarter-core segment, and 50 meshpoints in the z-direction including 16 meshpoints for the upper and lower reflectors. The required three-group nuclear constants for STEADY-SHIP are provided from the code ASSEMBLY-SHIP(5).
This code also consists of two parts : a module for generating burnupdependent multi-energy group constants for a lattice-cell and a 2-D diffusion module for producing three-group constants for a fuel assembly.
The former module is based on a GAM-type slowing-down program and a THERMOS-type thermalization transport program.
Cross-shaped domains are assigned in the STEADY-SHIP calculations that include the control-rod absorbers, absorber cladding tubes, and water.
These domains are referred to as 'control-rod domains'. Each domain has a span of 28.46 cm and a width of 0.8 cm, as shown in Fig. 4 . In early PWR core designs, a method called ' blackness theory' (6) was often adopted to produce equivalent group diffusion parameters to be assigned for cruciform control-rod domains. Such diffusion parameters are not introduced nor are the flux distributions calculated in the controlrod domains defined in the STEADY-SHIP analyses.
Instead, group-dependent internal boundary conditions are given for the boundaries of these domains to model the controlrod absorption effect. This effect is usually difficult to treat using diffusion theory.
The boundary condition for each energy group is given as the ratio of the neutron current to the flux that can be generated by the 1-D transport code ANISN(7). The one-dimensional four-region slab model for the ANISN transport calculation is also illustrated in Fig. 4 . The energy-dependent ratios of the current to flux are estimated at position ® in this figure. The ratios for the first, second and third groups were calculated as 0.0113, 0.0636 and 0.319, respectively ; this same set of values was assigned to all control-rod domains. The ratio for a black absorber is theoretically given as 0.469 because the extrapolation distance into a black absorber can be given by 0.71 x 3D, where D is the diffusion coefficient. However, the calculated ratio of 0.319 for the third group is smaller than the black absorber value since the control-rod domain includes the cladding tubes and water as well as the absorbers.
IV . DIFFERENTIAL ROD WORTHS
OF G1 AND G2 IN CLEAN CORE Figure 5 illustrates the combinations of G1 and G2 control-rod positions required to attain criticality at nominal hot-zero power conditions (at 273.5dc and 11.15 MPa) for the clean core of the MUTSU reactor. The points During the experimental process, the control-rod worths of G1 and G2 were also measured. Figure  6 compares the measured values of the differential worth of G1 and G2
with the values calculated using STEADY-SHIP. Here, the reactivity unit pcm' means 10-3 %Dk/k. The excellent agreement between the measured and calculated rod worths shown in Fig. 6 demonstrates the usefulness of 3-D analyses.
It is known that from simple perturbation theory(1), the integrated control-rod worth can be expressed by (6) for a control rod partially inserted at the distance x along the axis of a bare cylindrical reactor with a height of H. Equation ( 6 ) suggests that the differential worth should have the maximum value at the position x=H/2, i.e. when the rod is inserted to its mid position.
However, the shape of the actual differential worth in Fig. 6 is quite different from this idealized characteristic. The core height of the MUTSU reactor, i.e. the height of fuel in the reactor, is 1,040 mm, while the absorber length of a control-rod is 1,070 mm. The bottom of the absorber is positioned about 10 mm lower than the core bottom when the control rod is fully inserted. The peak of the differential worth emerges at a withdrawal position of about 350 mm for rod positions of G1 and G2 at hot zero-power critical condition Fig. 6 Differential worths of G1 and G2 with G3 and G4 fully withdrawn from the core bottom, much lower than the middle of the core height, 520 mm . Moreover, the plateau of the worth observed after one of the rod groups is withdrawn more than 380 mm cannot be expressed by the simple perturbation theory.
These complex phenomena observed in the differential rod-worth curve only can be explained by the mutual interaction effect between the rod groups G1 and G2. To illustrate this interaction effect, Fig. 6 also shows the change in thermal neutron flux near the control-rod bottom as a function of control-rod withdrawal position.
The flux value for a given rod withdrawal position was obtained as follows : the three-dimensional flux distribution was calculated using STEADY-SHIP, and the thermal neutron flux distribution on the plane intersecting the control-rod bottom was averaged over the four fuel assemblies located in the core center. It should be noted that the tendency for variation in the averaged thermal neutron flux in Fig. 6 is quite similar to that of the differential worth curve.
As the G1 group was withdrawn from full insertion to about 300 mm, the flux near the control-rod bottom increased monotonously with this withdrawal. It should also be noted that the reactor attained criticality when both G1 and G2 were withdrawn to the same position, 368 mm (see Fig. 5 ). When the G1 group was withdrawn from a position more than 368 mm, the flux near the bottom of G1 rod group was reduced by the presence of the G2 rod group whose position was lower than 368 mm.
Consequently, the G1 rod group worth became less than its worth when there was no other control-rod nearby. This effect is known as the positive shadowing effect or simply the ' shadowing ' (1). 
V. CONTROL-ROD INTERFERENCE EFFECTS OBSERVED IN EXCESS REACTIVITY MEASUREMENT
Here, Dr1, is the measured reactivity decrease caused by the moderator temperature change from a cold state (40dc) to a hot state (273.5dc). The quantityDr2 is, in effect, the excess reactivity measured at the hot zeropower state.
For instance, if the G1 rod group is partially inserted and the G2 group is fully inserted, to attain criticality at the hot zero-power state, Dr2 can be obtained by measuring the sum of the integrated worths for the partial lengths of G1 and for the full length of G2. In the actual measurement, the positive reactivity due to the withdrawal of G1 or G2 was compensated for by inserting one of the outer rod groups, G3 or G4. For this reason, the interaction effects among these control rods must be taken into consideration.
The quantity C in Eq. ( 7 ) is the correction factor to express such rod interaction effects and the effect of the temperature difference between the hot and cold states.
This correction factor is estimated by the following formula : ( 8 ) where keffc(Out) represents the calculated effective multiplication factor when all control rods are fully withdrawn at a cold state (40dc), and keffc(Critical) denotes the effective multiplication factor calculated with nuclear constants for the cold state assuming the actual critical control-rod pattern at hot zeropower state. The quantity I ZlizeffH expresses the calculated reactivity obtained by simulating every change in the control-rod positions of G1 and G2 during the hot zero-power state experiment. Calculations to estimate the value of SDkeeH are made with the nuclear constants for 273.5dc and the interaction effects caused by the insertion of G3 and G4 are simulated in these calculations.
The numer- Fig. 7 . The initial state was the hot zero-power critical state with the G1 rod group withdrawn to 610 mm, the G2 group fully inserted, and groups G3 and G4 fully withdrawn.
First, the rod worth of G1 was measured from 610 to 1,070 mm by withdrawing it little by little while observing the digital reactivity meter.
In this case, the outer rod group G3 was gradually inserted to compensate for positive reactivity due to the G1 group. After G1 was fully withdrawn, the G2 group was withdrawn from full insertion to 1,070 mm using the same procedure as was used for G1. The G4 group was used to compensate for positive reactivity after G3 was fully inserted. The variation in integral worths during the measurement is also shown in Fig 7 The sloop of GI inteural worth low, but G2 worth increases rapidly after G2
is withdrawn more than 200 mm. The rapid increase of G2 worth is reduced later with the insertion of G4. These phenomena suggest that the rod interaction mechanism is not uniform during the process.
Examining further, the measured differential worths of G1 and G2 were determined.
They are plotted in Fig. 8 . The solid lines in Fig. 8 calculations performed assuming the halt of G3 and G4 insertion at points (A),(B) dj and (C). At point (B) the G3 group was at a position of 706 mm and no more insertion was assumed. The dashed line represents the results calculated assuming the full withdrawal of both G3 and G4. In these hypothetical calculations, the results of keff were supercritical in every case since no criticality adjustments were made. The hypothetical worths were calculated based on these results of keff.
The following explanations can be given for these results:
(1) The G1 worth is reduced when G1 withdrawal is accompanied by G3 insertion.
(2) The G2 worth is magnified when G2 withdrawal is accompanied by G3 insertion. (3) The growing G2 worth is reduced by additional G4 insertion after full insertion of G3. These phenomena can be explained by the control-rod arrangement shown in Fig. 9 . The flux near G1 is depressed by the presence of G3, and thus the positive shadowing effect is observed.
In contrast, the flux near G2 is increased due to flux decrease at the position of G3: G3 is located at a certain distance from G2. The rod worth of G2 thus increases with the insertion of G3. This type of interaction effect is known as negative shadowing or antishadow ing '(1).
It is of interest to gain insight from a simple theory on how the interaction effect varies as a function of the distance between two control-rods. To consider this, the simple control-rod theory found in Lamarsh's textbook (1) is reviewed. Consider a cylindrical bare homogeneous reactor of extrapolated radius R having a single cylindrical control rod of radius ao at a position of r=ro.
According to modified one-group theory, the reactivity worth of this control rod can be given as (1) where B2o denotes the buckling, M2 the migration area, d the extrapolation distance into an absorber, and Jo(x) denotes the first kind Bessel function of zero order.
The textbook also gives the total worth ro, when two rods are arranged in a ring of radius of ro, as (10) where b is the distance between the two cylindrical rods, and Yo(x) represents the second kind Bessel function of zero order. Comparison of this second expression with Eq. ( 9 ) shows that if the term containing the function Yo(x) is neglected, the worth of two rods in a ring would be exactly twice the worth of a single rod located at /•=ro. Figure 10 illustrates the case for b=2ro, that is, the worth of two diametrically opposite control rods as a function of their distance from the axis of a cylindrical reactor, with and without interaction.
The function Yo(x) is negative for x less than about 0.90 and positive for x greater than 0.90. Thus from .J. Nucl. Sci. Technol., Eq. (10), if b <0.38R, the worth of the two rods together is less than twice the worth of the two rods acting independently (shadowing). On the other hand, if b>0.38R, the worth of the two rods together is greater than the sum of the worths of each rod acting alone (antishadowing).
If the MUTSU reactor is assumed to have an equivalent core radius of 64.3 cm including the reflector saving of 7 cm (see Table 1 ), the distance 24.4 cm corresponds to ' 0.38R '. Since the distance from the center of a G2 rod to the center of a G3 rod is about 36 cm (see Fig. 9 ) and much greater than 24.4 cm, it is understandable that the antishadowing effect was observed between G2 and G3. The shadowing effect between G1 and G3 observed in the actual experiment cannot be explained by the distance between the centers of G1 and G3, 25.45 cm, which is a little more than 0.38 R. However, it is questionable whether the distance 'b' in Eq. (10) is equivalent to the distance between the centers of two closely spaced cruciform rods. If one regards the distance between the blades of G1 and G3, 18 cm, as 'b', it is possible to account for the shadowing effect between these control rods. Of course, Eq. (10) only provides a rough estimate of the worth of a ring of cylindrical rods. A better estimate only can be obtained by numerical 3-D analyses, as is shown in Fig. 8 .
VI. CHANGE IN ROD WORTH THROUGH BURNUP
A new series of zero-power reactor physics experiments was performed with the MUTSU reactor at the Sekinehama home port in January, 1992 , after all scheduled experimental voyages of N. S. MUTSU had been completed. The purpose of the experiments was to clarify the effect of slight core burnup, approximately 1,400 MWd/t, on the reactor physics characteristics. Figure 11 shows the control-rod positions of G1 and G2 required to attain criticality at the hot zero-power conditions on January 25, 1992. Figure 11 also shows, for comparison, the data obtained in 1990 when the core was clean (the same data as in Fig. 5) . Because of the slight burnup, the criticality positions of the control-rods had shifted upward and right as compared to the curve for the clean core. The difference between the old and new curves is not uniform ; it is large at positions where the rod worth is small. It should be The differential rod worths measured for the clean and burnup states at the hot zeropower condition are shown in Fig. 12 . This figure also demonstrates that there is no difference between the rod worths of G1 and G2
for both the clean core and the burnup core.
However, the shape of the differential worth of each control-rod group has been altered by the burnup. For the higher part of the rod position, the worth measured for the burnup core is larger than the worth measured for the clean core. This can be explained by the decrease in the shadowing effect between the control-rods. When G2 is inserted more deeply than Gl, the neutron flux near G1 is generally depressed, and thus GI has a small worth.
The critical position of G2 has become higher than before due to burnup, so the shadowing effect by G2 has been weakened. Thus the G1 worth has been intensified. (1) During normal hot operation, the positive shadowing effect is dominant between the two rod groups G1 and G2 located in the central zone of the core.
(2) The magnitude of the shadowing effect of one rod group strongly depends on the position of the other rod group.
(3) A positive shadowing effect also occurs between the central rod group G1 and the rod group G3 located in the peripheral zone or between the central group G2 and the peripheral group G4. (4) The interaction between G2 and G3 shows a negative shadowing effect (antishadowing). This antishadowing effect also may occur between G1 and G4.
(5) The shadowing effect between G1 and G2 has decreased by burnup since the control-rods were withdrawn to a higher position than that at the initial critical position. At every rod position higher than 250 mm, the worth of a rod group measured for the burnup core is larger than that measured for the clean core.
(6) The rod worth for G1 or G2 rod position less than 250 mm has changed little by burnup since the position of the opposite rod group (G2 or G1) is much higher than the position of the rod group under consideration (G1 or G2). The shadowing effect in such a rod arrangement is negligible for every stage of burnup. The measured results for control-rod worths described in this paper, especially the data obtained during the excess reactivity measurement, will be useful as benchmark data for developing a new computational model to calculate control-rod effects, since the modelling to simulate accurately these significant control-rod interaction effects will be quite challenging.
It is concluded from the excellent 3-D calculation results obtained that 3-D diffusion calculations with internal control-rod boundary conditions are useful for analyzing shadowing and antishadowing effects.
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